1. Introduction {#sec1}
===============

For the past few years, economic development and industrialization lead the rapid improvement of people's living standards.^[@ref1]−[@ref4]^ At the same time, they also expose serious environmental pollution problems, leading to environmental degradation, threatening human health and impeding sustainable development.^[@ref5]−[@ref8]^ However, the development of science and technology results from the improvement of the semiconductor photocatalytic technology, which becomes a hot spot in research and can effectively solve these problems.^[@ref9]^

Semiconductors such as ZnO and TiO~2~ are widely used in the field of photocatalysis.^[@ref3],[@ref10]−[@ref12]^ TiO~2~ as a photocatalytic semiconductor exhibits the following advantages. First, TiO~2~ is safe and nontoxic, so it is not harmful to the human body. Second, TiO~2~ is widely present in the earth's crust. Third, TiO~2~ is cheap and the production cost is low. It is worth noting that the disadvantages of TiO~2~ are also obvious. For example, TiO~2~ can absorb most of the ultraviolet light, but it can only absorb a small part of visible light, and its photogenerated electrons can easily reorganize. In order to solve these problems and improve the photocatalytic activity of TiO~2~, researchers came up with the following strategies: combination of metal or nonmetallic elements to TiO~2~ and other semiconductors, increasing the specific surface area of TiO~2~ to expose more active sites, alternatively. These methods can synergistically increase the photocatalytic activity of TiO~2~.

The deposition of precious metals such as Au, Pt, and Ag on the surface of TiO~2~ can reduce the recombination rate of h^+^/e^--^ and transfer photogenerated electrons.^[@ref1],[@ref13]−[@ref15]^ Compared with many other precious metals, for example, Au and Pt, Ag have the characteristics of relatively low price and excellent performance, which are widely used in the synthesis of composite catalysts. It is worth noting that Ag nanoparticles are very easy to aggregate during the photocatalyst catalyzing reaction and will lose activity after several reactions.^[@ref16],[@ref17]^ Therefore, researchers load Ag nanoparticles onto the surface of the semiconductor TiO~2~ to form composite materials. This strategy can effectively broaden the spectral response range of TiO~2~ from the ultraviolet region expanding to the visible region. Moreover, the strategy can also prevent the agglomeration of Ag nanoparticles that also synergistically improves photocatalytic activity. There are some reported methods for preparing Ag/TiO~2~ composites, and related experiments have confirmed that Ag/TiO~2~ composites have higher degradation activity than pure TiO~2.~^[@ref18]−[@ref20]^ However, these methods have the following problems: First, the energy consumption of the preparation process is large. Second, the preparation process is more complex and fewer products are obtained. Third, cycle stability is poor and the product is difficult to reuse.

In order to solve the abovementioned problems, we have studied a preparation method. In the first place, the high specific surface area TiO~2~ (HSTiO~2~) has been prepared by a sol--gel method. The HSTiO~2~ has a widened bandgap because of the quantum size effect, thereby improving its photocatalytic performance. In the second place, the Ag nanoparticles are deposited on HSTiO~2~ by photodeposition, which is simple for preparation with high recycling efficiency. (By adding different quantities of silver nitrate, the mass ratio of AgNO~3~ to HSTiO~2~ is 5, 10, 15, and 20%; we name these four samples 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~, respectively.) At last, the effects of the photocatalytic reaction mechanism and different contents of Ag on photocatalytic degradation of methyl orange are analyzed. The synthesizing process is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Schematic illustration of the preparation procedure of Ag/HSTiO~2~ composites.](ao0c01832_0002){#fig1}

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of the Ag/HSTiO~2~ Composite Photocatalyst {#sec2.1}
----------------------------------------------------------------

The XRD pattern of the prepared sample is given in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to facilitate the study of the phase structure of the sample. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the diffraction pattern of HSTiO~2~. By comparison with the TiO~2~ standard card (JCPDS card no. 21-1272), it is found that all the diffraction peaks of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a are consistent with the anatase of TiO~2~. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--e are diffraction patterns of 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~ and 20:Ag/HSTiO~2~, respectively. All the diffraction peaks of the patterns are well-consistent with the TiO~2~ (JCPDS card no. 21-1272) and Ag (JCPDS card no. 04-0783). It is fully proved that these four samples are composite structures of Ag and TiO~2~ and have no other impurities.

![XRD patterns of HSTiO~2~ (a), 5:Ag/HSTiO~2~ (b), 10:Ag/HSTiO~2~ (c), 15:Ag/HSTiO~2~ (d), and 20:Ag/HSTiO~2~ (e).](ao0c01832_0003){#fig2}

In order to study the morphology of the prepared 15:Ag/HSTiO~2~ composite photocatalyst, we provided its scanning electron microscopy (SEM) image. As can be seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, Ag particles adhere to TiO~2~ and are tightly bonded to TiO~2~. The EDS images reveal a uniform distribution of O, Ag, and Ti elements in the area under study and the inset area colored red, green, and blue, respectively,represents them. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b is the transmission electron microscopy (TEM) image of 15:Ag/HSTiO~2~. It can be seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b that on the 50 nm scale, it can be clearly observed that the round silver particles are composited to the HSTiO~2~. It is well-known that the photocatalytic activity of photocatalysts is related to the lifetime of photogenerated electrons and holes.^[@ref21]^ The structure in which Ag particles are combined with TiO~2~ is advantageous for prolonging the lifetime of photogenerated electrons, thereby increasing photocatalytic activity. The following work will confirm this result.

![(a) SEM image and EDS mapping of 15:Ag/HSTiO~2~. (b) TEM image of 15:Ag/HSTiO~2~.](ao0c01832_0004){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the PL spectra of HSTiO~2~, 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~. The emission intensity of HSTiO~2~ is higher than that of other samples, which means more carrier recombination in HSTiO~2~ samples. The emission intensity of the other samples is lower than that of HSTiO~2~; this shows that the combination of HSTiO~2~ and Ag nanoparticles can effectively reduce the recombination rate of electron--hole pairs. Ag nanoparticles can effectively transfer photogenerated electrons. It can be seen from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} that the PL peak intensity of 15:Ag/HSTiO~2~ is lower than that of other samples, indicating that 15:Ag/HSTiO~2~ has the lowest photogenerated electron and hole recombination rate.

![PL spectra of HSTiO~2~ (a), 5:Ag/HSTiO~2~ (b), 10:Ag/HSTiO~2~ (c), 15:Ag/HSTiO~2~ (d), and 20:Ag/HSTiO~2~ (e).](ao0c01832_0005){#fig4}

In order to explore the light absorption capacity of different samples, we give the UV--vis absorption spectra. As can be seen from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, HSTiO~2~ displays an intrinsic absorption peak in the ultraviolet region. Ag/HSTiO~2~ samples have an absorption peak from the ultraviolet region to the visible range. Additionally, the absorption peak of Ag/HSTiO~2~ samples in the ultraviolet region is consistent with the position of the intrinsic absorption peak of TiO~2~ in the ultraviolet region. As the Ag content increases, the light absorption of the Ag/HSTiO~2~ composite photocatalyst increases in the visible range. It can be concluded that Ag/HSTiO~2~ has a wider light absorption region than HSTiO~2~ and can sufficiently absorb visible light, thereby producing higher photocatalytic activity.

![(a) UV--visible absorption spectra of HSTiO~2~, 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~. (b) Plots of (*Ah*ν)2 vs photo energy (hν) for 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~ composites.](ao0c01832_0006){#fig5}

Because TiO~2~ is an indirect bandgap material, the bandgap energy can be estimated from the intercept of the tangent line between (*Ah*ν)^2^ and the photo energy (hν) diagram. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the bandgap of HSTiO~2~ is found to be 4.2 eV. The bandgaps of the materials 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~ are 4.1, 3.8, 3.0 and 2.8 eV, respectively. Additionally, the bandgap gradually decreases with the increase in Ag combination. Therefore, it can be speculated that HSTiO~2~ of composite silver has better photocatalytic activity than HSTiO~2~.

The results of Brunauer--Emmett--Teller (BET) specific surface area values for HSTiO~2~ and 15:Ag/HSTiO~2~ and matched case--control data set are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The specific surface area values of HSTiO~2~ and 15:Ag/HSTiO~2~ are 125.5 and 86.8 m^2^ g^--1^, respectively. The results indicate that HSTiO~2~ and 15:Ag/HSTiO~2~ prepared in our work possess high specific surface area. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the N~2~ adsorption--desorption curves of HSTiO~2~ and 15:Ag/HSTiO~2~. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} displays type IV adsorption--desorption isotherms of the 15:Ag/HSTiO~2~ sample, which are typical characteristics of mesoporous materials.

![N~2~ adsorption--desorption curves of HSTiO~2~ and 15:Ag/HSTiO~2~.](ao0c01832_0007){#fig6}

###### Specific Surface Area of TiO~2~, Ag/TiO~2~, HSTiO~2~, and 15:Ag/HSTiO~2~

                                  TiO~2~             Ag/TiO~2~          HSTiO~2~   15:Ag/HSTiO~2~
  ------------------------------- ------------------ ------------------ ---------- ----------------
  BET surface area (m^2^g^--1^)   4.7^[@ref22]^      11.8^[@ref22]^     125.5      86.8
                                  45.6^[@ref23]^     75.2^[@ref23]^                 
                                  53.3^[@ref24]^     45.95^[@ref24]^                
                                  44.954^[@ref25]^   65.234^[@ref25]^               
                                  20.1^[@ref26]^     58.5^[@ref26]^                 

2.2. Photocatalytic Activity {#sec2.2}
----------------------------

To evaluate the photocatalytic activity of different samples, we perform an experiment to degrade methyl orange under the full spectrum. The solution is allowed to reach absorption--desorption equilibrium in a dark room for 15 min.

It can be concluded from the [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a that with the moderate increase in Ag content, the photocatalytic activity of Ag/HSTiO~2~ increases gradually, and 15:Ag/HSTiO~2~ has the strongest photocatalytic activity. However, excessive Ag nanoparticles obscure light, which causes scattering of light and reduces the optical receiving capacity of HSTiO~2~. This results in weaker photocatalytic activity of 20:Ag/HSTiO~2~ than 15:Ag/HSTiO~2~. In Wang et al. work, they prepared Ag-doped Bi~5~O~7~I composites with different Ag contents to degrade methyl orange.^[@ref27]^ Their results also indicate that the excessive Ag would decline the photocatalytic activity of the photocatalytic semiconductor, which is consistent with our observation.

![(a) Photodegradation performance of methyl orange composites under the full spectrum and (b) recycling tests of 15:Ag/HSTiO~2~ for methyl orange photodegradation.](ao0c01832_0008){#fig7}

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} is the comparison between the catalytic efficiency of our prepared catalyst and the results reported in other literature. From [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, we know that the catalytic rate of the catalyst we prepared is significantly higher than that reported in other literature.

###### Comparison of the catalytic rate of 15:Ag/HSTiO~2~ and from other literature.

  photocatalyst    pollutant       degradation time (min)   degradation efficiency (%)   light source            reference
  ---------------- --------------- ------------------------ ---------------------------- ----------------------- --------------
  15:Ag/HSTiO~2~   methyl orange   90                       99.995                       500W Xenon lamp         in this work
  SiO~2~--TiO~2~   methyl orange   120                      92.9                         20W UV lamp             ([@ref28])
  Ag--TiO~2~       methyl orange   120                      65.4                         UV light (200-400 nm)   ([@ref29])
  GO/TiO~2~        methyl orange   240                      85.4                         48W ultraviolet light   ([@ref30])

Photocatalyst recycling capacity is also an important indicator in practical applications. After five rounds of cycle experiments, it is found that the degradation ability of the 15:Ag/HSTiO~2~ composite photocatalyst does not decrease significantly, which proved that 15:Ag/HSTiO~2~ has good recyclability.

2.3. Photocatalytic Mechanism {#sec2.3}
-----------------------------

Photocurrent tests of HSTiO~2~, 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~ are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. By comparing the photocurrent time--curve curves of different samples in the dark and visible light in the switching cycle mode, it can be concluded that 15:Ag/HSTiO~2~ has the highest photocurrent intensity compared with other samples, which proves that 15:Ag/HSTiO~2~ has highest electron--hole separation efficiency. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b shows that the 15:Ag/HSTiO~2~ electrode exhibits a more depressed semicircle at high frequency than other sample electrodes, thus manifesting a faster charge carrier transfer rate over 15:Ag/HSTiO~2~ than in other samples. It is indicated that 15:Ag/HSTiO~2~ has the highest catalytic activity than other samples, which is in agreement with the experimental results of dye degradation.

![(a) Photocurrent response curves of HSTiO~2~, 5:Ag/HSTiO~2~, 10:Ag/HSTiO~2~, 15:Ag/HSTiO~2~, and 20:Ag/HSTiO~2~ and (b) electrochemical impedance spectroscopy (EIS) Nyquist plots of samples.](ao0c01832_0009){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the mechanism of photocatalytic degradation of methyl orange by the Ag/HSTiO~2~ composite photocatalyst. Under light irradiation conditions, the valence band (VB) electrons (e^--^) of the TiO~2~ are excited onto the conduction band (CB) while producing a hole (h^+^) in the valence band. The electrons on the titanium dioxide conduction band are rapidly transferred to the silver, and the silver has a good electron storage capacity, which effectively prolongs the lifetime of the photogenerated electrons. Photogenerated electrons react with oxygen adsorbed on the surface of the silver to form superoxide radicals, and holes in the valence band of titanium dioxide can absorb electrons on the hydroxyl group and generate hydroxyl radicals. The resulting active substances superoxide radicals (^•^O~2~^--^), hydroxyl radicals (^•^OH), and photogenerated holes (h^+^) can degrade methyl orange.

![Photocatalytic mechanism of Ag/HSTiO~2~ under visible light irradiation.](ao0c01832_0010){#fig9}

3. Conclusions {#sec3}
==============

We successfully prepared an Ag/HSTiO~2~ composite photocatalyst by the photodeposition method and the material exhibited good photocatalytic performance. Good stability and durability are maintained after five rounds of cycling experiments. It is found that 15:Ag/HSTiO~2~ has the highest photocatalytic activity in the composite. In summary, Ag/HSTiO~2~ is a good material for degrading dyes in sewage. This research can also lay the foundation for exploring more photocatalysts in the future.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Methanol (99.9%), titanium dioxide (\>99.5%), silver nitrate (99%), tetrabutyl titanate (\>98%), hydrochloric acid (\>95%), acetic acid (\>95%), and poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (F127) were all supplied by Shanghai Chemistry Co., Ltd. Deionized water comes from the analytical laboratory. All the abovementioned reagents are of analytical grade.

4.2. Synthesis of Samples {#sec4.2}
-------------------------

### 4.2.1. Synthesis of HSTiO~2~ {#sec4.2.1}

The experimental method for obtaining HSTiO~2~ is as follows. First, 1.6 g of F127 is added to 30 mL of ethanol. Then, 3.5 mL of tetrabutyl titanate, 2.3 mL of acetic acid, and 0.7 mL of hydrochloric acidare added. After stirring at 60 °C until they were completely dissolved, the beaker containing the mixed solution is placed in an electric blast drying oven for 10 h, and then, the sample is calcined at 450 °C for 4 h at a heating rate of 5 °C/min.

### 4.2.2. Synthesis of Ag--HSTiO~2~ Composites {#sec4.2.2}

The method of making Ag/HSTiO~2~ is as follows. A total of 0.8 g of HSTiO~2~ and different quantities of AgNO~3~ (0.04, 0.08, 0.12, and 0.16 g) are added to 40 mL of methanol. The beaker is placed under a xenon lamp (500 W) for half an hour while stirring. After the reaction is completed, the solution is centrifuged in the beaker to obtain a sample; then, it is washed three times with ethanol and dried at 60 °C for 10 h.

4.3. Characterization {#sec4.3}
---------------------

The pattern of the sample is obtained by X-ray diffraction pattern (XRD) through a Shimadzu XRD-6000 diffraction system having a high intensity CuKa radiation (40 kV, 200 mA) of 20--70° and a scanning step of 10°/min. The surface morphology is discussed by SEM (JSM-6510) at an accelerating voltage of 15 kV. The TEM image is acquired on a JEM-2100 transmission electron microscope at an accelerating voltage of 200 kV. The photoluminescence (PL) spectra of the photocatalyst are measured at room temperature with 385 nm as the excitation wavelength and a Xe lamp as the source of excitation. UV--vis diffuse reflectance spectra are obtained on a Shimadzu UV-3600 spectrometer using BaSO~4~ as a reference. The BET surface area of the samples is determined from an N~2~ adsorption--desorption isotherm study at liquid nitrogen temperature (77 K) using a Micro-meritics TRiStarII3020.

4.4. Photocatalytic Experiments {#sec4.4}
-------------------------------

To evaluate the photocatalytic properties of samples with different Ag contents, we use visible light irradiation (500W xenon lamp) methyl orange solution. Five 40 mL portions of methyl orange solution at a concentration of 10^--4^ mol/L are taken, and 0.04 g of different samples is separately dispersed in the methyl orange solution. After starting to irradiate the solution with a Xenon lamp, 4 mL of the solution is collected every 15 min to test the absorbance of the solution. The solution is stirred in a dark room for 15 min to the adsorption--desorption equilibrium. After starting the irradiation, 4 mL of the solution is collected every 15 min to test the absorbance of the solution.

4.5. Photoelectrochemical Measurement {#sec4.5}
-------------------------------------

The photoelectrochemical (PEC) measurements are performed on a CHI-760E electrochemical analyzer from Shanghai ChenHua Instruments Co., Ltd. The electrodes required for the test were prepared by following the following steps before performing the test. A total of 0.2 g of the sample is dispersed in 15 mL of acetone and uniformly spread on a 1 cm × 1 cm fluorine-doped tin oxide glass electrode, and after drying with a hairdryer, the obtained photocatalyst film is used as a working electrode. The counter electrode is the platinum, and the reference electrode is the silver/silver chloride. A Xe lamp (500W) is used as the light source for illumination.
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